Abstract-In the present study, we utilize methods from graph theory to analyze epileptogenic network properties during periods of ictal activity. Using these methods, we analyzed the DTF-based causal information flow in nine seizures recorded from two patients undergoing presurgical monitoring for the treatment of medically intractable epilepsy. From the results, we observed a high degree of correlation between the regions with a high amount of information outflow (termed the outdegree) and the cortical areas identified clinically as the generators of the ictal activity. We furthermore observe a frequency-dependent correlation between the colocalization of these "activated regions" and the clinical foci. These findings suggest that application of network analysis tools to ictal activity could provide clinically useful information concerning these epileptogenic networks.
I. INTRODUCTION
ACH year, approximately 200,000 Americans will be diagnosed with epilepsy. Of these patients, the majority will be able to control their seizures through the use of antiepileptic drugs. An estimated 20,000 individuals, however, will continue to have seizures despite optimal medical therapy. Surgical resection of the presumed ictal focus is typically the only remaining treatment option in patients with these medically-intractable seizures. In the absence of a lesion visible on imaging studies, intracranial recordings are acquired in order to determine the regions responsible for ictal onset. These procedures typically require prolonged hospitalization of the patients during the invasive monitoring. Techniques to improve the localization of the cortical region(s) responsible for the generation of the seizures would therefore have significant clinical impact.
Many techniques have been developed with the aim of discerning the complex network interactions which lead to epileptogenesis [1] [2] [3] [4] [5] . Of these techniques, graph theory measures have been developed as a tool by which to simplify the observed network into a number of measurable properties [6] [7] [8] [9] . Several studies have used these measures to better understand the properties of the epileptogenic networks [10] [11] [12] [13] [14] . These methods could potentially provide greater insight into the underlying generators of the epileptic seizures which are not readily apparent from visual inspection of the EEG recordings.
In this study, we have applied elements of graph theory, namely the outdegree measure, to cortical networks observed during ictal activity. We obtain the cortical networks through application of the Directed Transfer Function to the intracranial electrocorticogram (ECoG) recordings. In many previous studies using graph methods, the network interactions have been identified through application of traditional bivariate measures such as coherence. The DTF method used in the current study provides a more robust and insightful picture of the network interactions through the identification of connected nodes and the causal interactions between them. The outdegree measure that we employ identifies network nodes which act as sources of information flow within the network. Together we use these methods to identify critical nodes of the epileptogenic network and examine their relationship to the seizure onset zone identified clinically.
II. METHODS

A. Patient Data
Two patients (ages 25 and 26, 1M/1F) with medically intractable neocortical-onset epilepsy were selected for analysis in the current study. Both patients were admitted to the epilepsy monitoring unit at the Mayo Clinic (Rochester, MN, USA) for presurgical evaluation. Long-term electrocorticogram (ECoG) recordings were obtained from silastic grids (4 mm electrode contacts; 10 mm interelectrode spacing) implanted on the cortical surface. The recordings were referenced to a scalp suture electrode placed at the vertex, passed through a 125 Hz anti-aliasing filter and sampled at 500 Hz (Xltek EMU128; Natus Medical Inc, Oakville, ON, Canada). Following acquisition of the data, off-line pre-processing was performed and included additional band-pass filtering (0.1-55 Hz) and automated artifact rejection. Visual inspection was also performed upon the data and any channels exhibiting the presence of artifact were discarded from the analysis. One patient underwent surgical resection of the clinically-identified seizure onset zone (SOZ) and had a significant reduction in seizure frequency following the procedure. The second patient was not a surgical candidate due to the location of the SOZ. The study was approved by the Institutional Review Boards at the University of Minnesota and the Mayo Clinic.
B. Connectivity Calculations
A multivariate autoregressive (MVAR) model can be used to describe a dataset as follows:
is the matrix of model coefficients, ( ) t E is independent white noise and p is the model order. The model order was chosen by the Bayesian Information Criterion (BIC) [15] which has previously been shown to possess a high degree of accuracy [16] . In the current study, the optimal model order was identified as p = 3.
The Directed Transfer Function (DTF) was first developed by Kaminski and Blinowska as a means by which to determine the direction of the flow of information in multivariate systems [17] . They derived the DTF based upon the framework of the MVAR model as:
. Here, Λ is the matrix of model coefficients obtained from the MVAR model described above and
( ) f H
is the transfer matrix containing the frequency-specific causal relationships. The normalized DTF is defined by the elements of the transfer matrix in the spectral domain, which describes the directional interaction from the j th to the i th element as:
with the normalization condition
γ . In the current study, the DTF was calculated over the theta (3-7 Hz), alpha (8-12 Hz), beta (13-30 Hz) and gamma (30-50 Hz) frequency bands.
C. Outdegree Measures
The outdegree is a measure of the source activity arising from each node in a network. In the current study, the outdegree corresponded to the frequency-specific causal interactions which originated at each node. For a particular node, v, the outdegree is defined as:
where kv κ is the causal interaction from node v to node k averaged over a specified frequency band. In terms of (3), κ is given by:
where f 2 and f 1 are the upper and lower bounds, respectively, of the frequency band of interest. Thus, nodes with a high outdegree measure act as sources of the information flow within a system. From the causal networks obtained using the DTF methods described above, the outdegree measures were calculated for each electrode in each of the four frequency bands (θ, α, β, γ).
D. Ictal Network Analysis
A total of nine seizures were analyzed in the two selected patients. The time points corresponding to ictal onset and offset were identified using a method developed by Schindler et al. [18] . The time series was divided into 6 second moving windows with an overlap of 5.75 seconds and the z-score of the time series within each window was obtained in order to normalize the variance of the channels. The DTF method was applied to the windowed data and the outdegree was calculated for each node using the strongest 200 connections (out of a possible 992 and 3080 connections in the 2 patients respectively) from each windowed epoch in order to maintain the degree distribution among the analyzed epochs.
K-means clustering was applied to the outdegree measurements to identify activated regions during the course of the ictal activity. For each seizure, the activated regions in the theta, alpha, beta and gamma frequencies were identified and compared to the clinical SOZ. The percentage of overlap between the clinical SOZs and the activated regions was measured and the Wilcoxon rank-sum test was used to identify statistically-significant differences among the four analyzed frequency bands.
III. RESULTS
A representative spatial map of the activated regions during one of the analyzed seizures in the first patient is shown in Figure 1 . The SOZ identified by the epileptologists is shown in red in Figure 1(a). Figures 1(b-e) display the spatial extents of the activated regions in the theta, alpha, beta and gamma frequency bands respectively. As can be seen in Figure 1 , the locations of the activated regions are fairly consistent among the various frequency bands although variations among the spatial extents of the regions can be observed. Additionally, it can be observed that the activated regions are in fairly good agreement with the clinical SOZ, particularly among the gamma and beta frequencies. Following surgical excision of the clinical SOZ, the patient was initially seizure-free for a period of 1.5 months. Following this, the patient experienced a recurrence of the seizure activity albeit at a significantly reduced frequency.
Similar to Figure 1 , a typical spatial map of the activated regions in the second patient is shown in Figure 2 . In this patient, two SOZs were identified clinically: a larger focus within the right frontal lobe and a second smaller focus located slightly anterior and posterior to the frontal SOZ. As with the first patient, the locations of the activated regions corresponding to the four frequency bands are fairly similar although a greater degree of variability is seen compared to the maps displayed in Figure 1 . Activity corresponding to the locations of both ictal foci was observed in the theta, alpha and gamma frequency bands. In the analyzed seizure, the activated regions in the beta frequency band were only observed in the inferior portion of the frontal SOZ. As with the results shown in Figure 1 , the activated regions in the gamma band are highly correlated with the ictal foci identified clinically. Unfortunately, stimulation of portions of the clinically-identified foci resulted in oral motor/sensory dysfunction and this patient was deemed to not be a surgical candidate.
Following the identification of the activated regions from the outdegree calculations, a ratio of the percentage of the activated regions within the clinical SOZs was obtained. A box plot displaying the ratios calculated for each of the four frequency bands in the nine analyzed seizures is shown in Figure 3 . Here, the median value for each frequency band is shown in red, the borders of the boxes correspond to the lower and upper quartiles and the whiskers indicate the total range of the measured data. From here, a frequencydependent effect on the percentage of overlap between the activated region and the clinical SOZ can be observed, with a greater percentage of the activated regions in the beta and gamma frequencies co-localized with the clinical foci. A Wilcoxon rank-sum test was performed and the overlap with the clinical SOZ was observed to be significantly greater in both the beta and gamma frequencies compared to the activated regions in the theta frequency band (p<0.05).
IV. DISCUSSION
Graph theory measures are a powerful means by which to reduce complex networks into a series of parameters corresponding to specific properties of the networks. The outdegree measure used in the present study identifies sources of activity within a network from which a large degree of information flows. This method and other graph measures could be potentially useful in the identification and characterization of epileptogenic networks. This, in turn, could lead to more accurate surgical planning and better postsurgical outcomes in patients with intractable epilepsy. 
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In the present study, we have applied network analysis measures, namely the outdegree measure, to the analysis of epileptogenic networks during ictal activity. Specifically, we have examined the outdegree activity in the theta, alpha, beta and gamma bands in relation to the SOZ identified clinically by the epileptologists. From the analysis of nine selected seizures in the two patients, it was observed that the locations of the activated regions closely corresponded to the cortical regions identified as the SOZs. This finding is not unexpected as the outdegree measure utilized in the current study provides an indication of the source activity arising from each network node. Likewise, the cortical regions identified as the SOZs act as the generators of the ictal activity which rapidly propagates throughout the cortex. Additionally, it was observed that the percentage of overlap among the activated regions and the clinical SOZ was frequency-dependent. From our analysis of the selected seizures in the current study, we have observed a higher degree of overlap between the activated regions and the SOZ in the beta and gamma frequency bands compared to the theta band activity. This finding is in agreement with several other studies which have shown the presence of high frequency oscillatory activity in greater proportions within the SOZ [19] [20] [21] From the results of the current study, we have observed a close relationship between the location of the SOZ determined by conventional clinical means and the functional activity of the network as measured by the outdegree properties obtained from the calculated causal maps. These results are encouraging as they indicate that graph measures can provide functional information regarding the generators of the ictal activity. Such information would be useful in the clinical evaluation of patients with epilepsy, especially in situations in which the SOZ is not readily discernable by conventional clinical methods. However, additional studies involving a larger cohort of patients are needed to further investigate this aspect.
In summary, graph methods are powerful tools by which to characterize complex network interactions and may provide greater insight into the generation and propagation of the ictal activity.
